Initiated Chemical Vapor Deposition of Poly(vinylpyrrolidone) Thin Films: Synthesis, Characterization, and Applications by Janakiraman, Sruthi
 Initiated Chemical Vapor Deposition of  
Poly(vinylpyrrolidone) Thin Films: 
Synthesis, Characterization, and Applications 
 
 
A Thesis 
 
 
Submitted to the Faculty 
 
 
Of 
 
 
Drexel University 
 
 
By 
 
 
Sruthi Janakiraman 
 
 
 
 
In partial fulfillment of the 
 
 
requirements for the degree 
 
 
of 
 
 
Master of Science in Materials Science and Engineering 
 
June 2015  
© Copyright 2015 
Sruthi Janakiraman. All Rights Reserved. 
  
Dedications 
 
To my parents for all their love and support. 
  
Acknowledgements 
I would first and foremost like to acknowledge my adviser, Dr. Kenneth Lau, for 
guiding me through this process. I would not have been able to achieve any of this without 
his direction and support. Even through my mistakes and confusion, he has always been 
steadfast and patient; a calm, collected pillar to my frenzied personality. Thank you very 
much for everything you have done for me. 
I would also like to thank my lab group members, Sharon Hsieh, Steven Farrell, 
Yuriy Smolin and Anthony Sauter for all the help, advice and support. Sharon and Yuriy, 
thank you for taking the time out from your own research to run XPS and SEM samples.  
I would like to acknowledge the use of Drexel University’s Centralized Research 
Facilities and the lab facilities of Profs. Giuseppe Palmese, Caroline Schauer and Ying 
Sun at Drexel University for performing the GPC and spectroscopic ellipsometry, and 
contact angle measurements.  
Thank you to all the staff in the Chemical and Biological Engineering and Materials 
Science and Engineering departments for teaching me how to think like an engineer. I 
would not have been able to complete my thesis without all the knowledge I gained these 
past five years.  
 Finally, I would like to thank my family for believing in me and helping me get 
through my most stressful days. My parents have always been there for me and been 
openly proud of my achievements and my sibilings are always around when I need a 
laugh or two. Thank you so much for all the unconditional love and support.  
 
  
Table of Contents 
Abstract ..................................................................................................................................... 1 
Chapter 1: Introduction and Background ............................................................................... 2 
Chapter 2: Deposition Behavior of Poly(vinylpyrrolidone) ................................................... 7 
2.1 Introduction .................................................................................................................... 7 
2.2 Experimental details ......................................................................................................11 
2.2.1 iCVD of PVP .............................................................................................................11 
2.2.2 Polymer characterization ...........................................................................................13 
2.3 Results and discussion .................................................................................................15 
2.3.1 PVP structure and composition .................................................................................15 
2.3.2 Molecular weight and distribution ..............................................................................20 
2.3.3 Deposition kinetics ....................................................................................................20 
2.4 Conclusions ...................................................................................................................23 
2.5 References .....................................................................................................................24 
Chapter 3: Integration of Poly(vinylpyrrolidone) as a Polymer Electrolyte in Dye 
Sensitized Solar Cells .............................................................................................................28 
3.1 Introduction ...................................................................................................................28 
3.2 Experimental details ......................................................................................................32 
3.2.1 Preparation of titanium dioxide mesoporous layer .....................................................32 
3.2.2 Evaluating crosslinking of PVP and pore filling of TiO2 ..............................................33 
3.2.3 Preparation of dye sensitized solar cells with liquid and polymer electrolyte ..............37 
3.2.5 Characterization of dye sensitized solar cells ............................................................39 
3.3 Results and Discussion ................................................................................................39 
3.3.1 Crosslinking of VP with EGDA ...................................................................................39 
3.3.2 Identifying ideal pore filling conditions .......................................................................43 
3.3.3 Dye sensitized solar cell characterization ..................................................................45 
3.4 Conclusion .....................................................................................................................52 
3.5 References .....................................................................................................................54 
Chapter 4: Selective Deposition of Poly(vinylpyrrolidone) Under Supersaturated 
Conditions ...............................................................................................................................57 
4.1 Introduction ...................................................................................................................57 
4.2 Experimental details ......................................................................................................60 
4.2.1 Fabrication of surfaces with different wettabilities ......................................................60 
4.2.2 Contact angle measurements....................................................................................60 
4.2.3 iCVD of PVP under supersaturated conditions ..........................................................61 
4.2.4 Thin film characterization ..........................................................................................61 
4.2.5 Selective deposition of PVP on Si with Ag patterns ...................................................63 
4.2.6 Characterization of patterned films ............................................................................65 
4.3 Results and discussion .................................................................................................65 
4.3.1 Effect of wettability on deposition rate .......................................................................65 
4.3.2 Characterization of PVP on Ag and Si surfaces ........................................................70 
4.3.3 Patterning of PVP on Ag and Si surfaces ..................................................................74 
4.4 Conclusion .....................................................................................................................78 
4.5 References .....................................................................................................................79 
Chapter 5: Conclusion and Recommendations ....................................................................81 
 
List of Figures 
Figure 2.1: Schematic representation of iCVD………………………………………………………..9 
Figure 2.2: Polymerization reaction of PVP..…………………………………………………………12 
Figure 2.3: FTIR spectrum of VP monomer and PVP polymer…................................................16 
Figure 2.4: C1s XPS scan of PVP and the corresponding resolved C1s peaks………………....18 
Figure 2.5: Deposition rate of PVP as a function of (a) gas pressure, (b) substrate temperature, 
and (c) Pm/Psat………………………………………………………………………………22 
Figure 3.1: Schematic of a Dye Sensitized Solar Cell…………………....…………………………29 
Figure 3.2: Crosslinking and polymerization of PVP…………………………………………..…….35 
Figure 3.3: FTIR of crosslinked films at different Z ratios………………………......….…………...41 
Figure 3.4: Plot of the fraction of EGDA in the copolymer versus the fraction og EGDA in the 
monomer feed at the surface……………………………………………………………..42  
Figure 3.5: SEM images of the pore filling quality for TiO2 of layer thickness of 1 µm at Pm/Pm,sat 
of (a) 0.15, and (b) 0.21.............................................................................................44 
Figure 3.6: Comparison of J-V curves for polymer electrolyte cells with a TiO2 thickness of 2, 4, 
and 14 µm.…………………..………………………………………………….................48 
Figure 3.7: Top-down SEM image showing crack formation in a polymer electrolyte cell with a 
TiO2 layer thickness of 14 µm.…………………………………………………………....50 
Figure 3.8: Comparison of the J-V behavior of polymer and liquid electrolyte DSSCs……….....51 
Figure 4.1: Schematic of patterning process. Step 1- immerse TEM grid in acetone and place on 
silicon substrate, Step 2- deposit Ag on silicon substrate, Step 3- remove TEM grid, 
Step 4- deposit PVP on Ag substrate.…………………………………………………...64 
Figure 4.2: Plot of PVP deposition rate at normal and supersaturated conditions and 
corresponding VP contact angle for different substrate surfaces……………………..67 
Figure 4.3: Top-down SEM images of PVP deposition on (a) silicon and (b) silver surfaces 
under supersaturated iCVD conditions.………………………………………………….68 
Figure 4.4: Contact angle of monomer and water on Ti, Si, Ag and PTFE …………..…………..69 
Figure 4.5: FTIR spectra of (a) Ti film, (b) PVP film, and (c) PVP  
deposited on Ti at Pm/Psat > 1……………………………………………………………..71 
Figure 4.6: XPS survey spectra of PVP deposited at Pm/Psat > 1 on (a) Ag,  
and (b) Si…………………………………………………………………………………….73 
Figure 4.7: SEM images of (a) entire TEM grid, and (b-d) close up patterns of TEM grid………75 
Figure 4.8: XPS mapping on patterned Ag surface detecting (a) C1s of PVP in the grid lines, 
and b) Ag3d of Ag in the grid holes.……………………………………………………...77 
 List of Tables 
Table 2.1: Resolved C1s peaks of PVP with their respective binding energy and percent 
area.……………………………………..…………........................................................19 
Table 3.1: iCVD process runs to determine the ideal reaction conditions for crosslinking 
PVP.………………...………………………………………………………………………..36 
Table 3.2: Electrochemical performance of polymer and liquid electrolyte DSSCs.…… ……...47
1 
 
Abstract 
 
Poly(vinylpyrroldione) (PVP) is a water soluble polymer produced from the N-
vinylpyrrolidone monomer. It has applications in a variety of industrial fields. Here in this 
work, PVP is studied for new applications in dye sensitized solar cells (DSSCs) and 
surface patterning. Initiated chemical vapor deposition (iCVD) is used to deposit PVP 
under varying conditions such as reactor pressure and substrate temperature. The 
deposition kinetics was analyzed and found to be dependent on the rate of monomer 
adsorption from the vapor phase to the substrate surface. These results aided in 
identifying the ideal crosslinking and pore filling conditions for integrating PVP into DSSCs 
by iCVD. Fabricated polymer electrolyte DSSCs using PVP prove to have high open 
circuit voltage and fill factor that produced cells with higher efficiencies than equivalent 
liquid electrolyte DSSCs, 1.21 compared to 0.80 %. Further studies were performed on 
the deposition kinetics of PVP deposited under supersaturated conditions of the 
monomer. Typically, under supersaturation, the monomer condenses randomly on the 
surface and does not produce a smooth, thin film. However, PVP is found to deposit 
uniform films on substrates that have low monomer contact angles, which suggests that 
monomer wettability has a strong effect on resulting film morphology. For substrates with 
higher monomer contact angles, PVP growth rate is near-zero. Therefore, by utilizing the 
differences in growth under supersaturated conditions due to differences in surface 
wettabilities, selective deposition of PVP using iCVD was successfully demonstrated.    
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Chapter 1: Introduction and Background 
 
Poly(vinylpyrrolidone) or PVP is a water solube polymer made from the 
polymerization of the monomer N-vinylpyrrolidone (VP) [1]. PVP is one of the many 
products of the acetylene chemistry founded by Reppe [2]. With a molecular weight (Mw) 
ranging from 2500 to 1 million, PVP is mainly produced from free radical addition 
polymerization [3]. Vinylpyrrolidone can be polymerized using organic peroxide inititators, 
such as di-tert-butyl-peroxide (TBPO) or dicumyl peroxide. In the liquid phase, 
polymerization is initiated by solvent radicals that are produced through hydrogen 
abstraction from alkoxy radicals formed by initiator decomposition. Chain propagation 
then occurs normally and termination occurs through hydrogen abstraction which forms 
an alkyl end group and a solvent radical. The solvent radical again starts the 
polymerization process to form a new chain [3].   
PVP has several important properties that give it great versatility in being applied 
to a variety of industrial applications. Commercially available PVP polymers are highly 
polar, amphipilic and compatible with a variety of resins and electrolytes. It has great 
adhesive and cohesive properties and is physiologically inert. It is also crosslinkable and 
can be produce hard, glossy, oxygen permeable films which can adhere to a variety of 
substances [4]. Its defining property is its solubility in water as well as in various organic 
solvents. PVP is highly soluble due to its combination of both hydrophobic and hydrophilic 
functional groups, which makes interactions with a wide variety of solvents possible [3]. 
An interesting fact regarding the solubility of PVP is that commercially produced PVP is 
soluble in most polar solvents and insoluble in less polar solvents. However, PVP 
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produced without water can also be dissolved in solvents such as dioxane, acetone and 
toluene [5].  
These wide range of properties lead to PVP applications in fields such as 
pharmaceuticals, cosmetics, food, adhesives, textiles and the renewable energy industry. 
In pharmaceuticals PVP is used as a binder [6], a coating and disintegrant for tablets [7], 
and a solubilizer for drug suspensions [8]. PVP is a stabilizer in the beverage industry 
[9,10]. For uses in the pharmaceutical and beverage industry, the interaction between 
PVP and low molecular weight compounds is crucial. PVP has the tendency to form 
complexes with different compounds (inorganic anions, amino acids, phenols and 
proteins) [11] and polymers of both low and high molecular weights. This property can 
sometimes be beneficial because PVP can solubilize insoluble substances. However for 
the pharmaceutical industry strong complexes can reduce the bioavailability of the active 
substance [3]. Therefore, interactions between drug compunds and PVP have to be 
investigated thoroughly before use. For the cosmetic field, PVP is used as a film former 
in hair sprays, lotions and conditioning shampoos [12]. It is used in glue sticks as an 
adhesive to improve strength and toughness [13]. In the textile industry, it is utilized as a 
dye-affinitive stripping and leveling agent [14]. It also has uses as a polymer thin film in 
supercapacitors [15] and as a polymer gel electrolyte in dye sensitized solar cells [16]. 
PVP is a versatile polymer that has the potential for many new applications.  
The overall objective of this research is to study the initiated chemical vapor 
deposition (iCVD) of PVP and to utilize it in new applications such as a polymer electrolyte 
in dye sensitized solar cells (DSSCs) or as an active material in selective, patterned 
deposition. First, a detailed kinetics analysis of the deposition behavior of PVP using iCVD 
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is studied. Then, the possibility of integrating PVP in a DSSC as a polymer electrolyte is 
evaluated. Finally, PVP deposition under supersaturated conditions is studied and the 
potential for selective deposition is analyzed. 
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Chapter 2: Deposition Behavior of Poly(vinylpyrrolidone) 
 
2.1 Introduction 
 
The dye sensitized solar cell (DSSC) is a promising photovoltaic technology due 
to its low cost of materials and straightforward implementation [1]. A DSSC consists of a 
photoanode made up of a sintered network of titanium dioxide (TiO2) particles coated with 
a light-sensitive dye that converts photons into electrons, which are transported through 
the TiO2 to the external circuit. The electrons return to the cathode of the cell and through 
the use of a liquid electrolyte containing a redox ion couple (iodide/triiodide), the electrons 
are transferred back to the photoanode to regenerate (reduce) the dye molecules. 
Currently, DSSCs have a reasonable efficiency of at least 11-13% [2,3]. However, the 
use of a liquid electrolyte is limiting the efficiency and durability of the DSSC. Practically, 
liquid electrolytes are prone to evaporation, leakage and requires binding agents and 
additional sealing to extend lifetime [4]. Fundamentally, a liquid electrolyte leads to 
significant charge recombination inside the cell as the photogenerated electrons can be 
scavenged by the mobile redox ions at the electrode-electrolyte interface [4,5]. A potential 
alternative to the liquid electrolyte is the use of a gel or solid polymer electrolyte to make 
the cell more robust and to reduce the propensity of ions towards charge recombination 
[4]. However, infiltrating the TiO2 layer with a solid material is a challenge. Due to the 
small, narrow pore structure (10-25 nm pores in a 10-15 µm TiO2 layer), current liquid-
based methods like spin coating or drop casting do not provide effective pore filling 
because of  processing issues such as poor liquid wettability and strong liquid surface 
tension. In order to resolve this issue, initiated chemical vapor deposition (iCVD) has been 
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demonstrated as an effective means in depositing solid polymer electrolytes with good 
pore filling (near 100%) into the TiO2 layer [4,6].  
iCVD is a technique used to deposit polymer thin films under vacuum. First, 
monomer and initiator vapors flow into the reactor where a heated filament, located inside 
the chamber, activates the initiator. Next, both the activated initiator and monomer adsorb 
onto the surface of the substrate. The activated initiator then begins the polymerization 
process by linking monomer units together to form the polymer chain (Figure 2.1). The 
advantages of iCVD include its lower temperature of operation compared to other hot wire 
CVD techniques as well as the relative chemical purity and physical uniformity of polymer 
films produced on surfaces. It is a proven technique for numerous applications, including 
hydrogels [7-9], solar cells [6], sensors [10], and various thin film coatings. Compared to 
other film deposition techniques, like spin coating, iCVD does not use liquid solvents 
during processing. This is particularly attractive as the use of liquid solvents during 
processing can often result in a decrease in cell performance from solvent residue and 
solvent incompatibilities with existing cell components. On the other hand, the iCVD 
process occurs in a single step, enabling simultaneous polymerization and coating 
deposition, and provides the necessary physical and chemical control needed for device 
fabrication [6]. iCVD also has the ability to grow solid polymer inside the nanoscale TiO2 
pores and, by controlling the relative rates of reactant diffusion and polymerization, 
uniform growth and good filling within the pores can be achieved.  
 
 
9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Schematic representation of iCVD. 
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The use of a polymer electrolyte, poly(2-hydroxyethyl methacrylate) (PHEMA), 
deposited by iCVD has previously been proven to increase the effective electron lifetime 
and overall DSSC power conversion efficiency when compared to liquid electrolytes [6]. 
Besides PHEMA, poly(vinylpyrrolidone) (PVP) is a potentially viable polymer electrolytes 
for DSSCs. PVP is a water soluble polymer produced conventionally from the thermally 
initiated free radical polymerization of N-vinylpyrrolidone. Due to PVP’s numerous unique 
properties such as, solubility, dispersion, viscosity modifier, hydrophilicity, adhesion and 
biological inertness [11], there are currently many applications of PVP. PVP is used as a 
binder for pharmaceutical tablets [12], an adhesive in glue sticks [13], additives for 
batteries [14], and in membranes for dialysis [15]. In addition, PVP has been used as a 
solid polymer electrolyte in thin film supercapacitors [16] and as a polymer gel electrolyte 
in dye sensitized solar cells (DSSCs) [17]. 
As an important step towards the use of PVP as polymer electrolytes in DSSCs, 
this work presents a detailed analysis of the effect of iCVD parameters, reactor pressure 
and substrate temperature, on PVP polymerization kinetics and deposition rate. Detailed 
characterization of iCVD PVP includes a measurement of polymer molecular weight and 
spectroscopic analyses of chemical composition and structure. This study will be 
important in enabling future applications of iCVD PVP by understanding how to control 
deposition rate, film thickness, and coating conformity on complex 3D substrate 
topologies [6]. This research will make tuning of systems for optimizing film thickness and 
properties of PVP coatings, produced in iCVD, much easier. In addition, by understanding 
the deposition rate kinetics of both polymers, reaction conditions can be chosen to 
achieve good pore filling and integration of the polymers in DSSCs. 
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2.2 Experimental details 
 
2.2.1 iCVD of PVP 
 
The monomer 1-vinyl-2-pyrrolidone (VP; 99% Aldrich) and the initiator di-tert-butyl 
peroxide (TBPO; 98% Aldrich), shown in Figure 2.2, were used without further purification 
for the polymerization of PVP using iCVD. The polymer was deposited as a thin film on 
silicon substrates in a stainless steel custom-built vacuum reactor as described previously 
[18,19]. The monomer, VP, was heated in a source containers to 80 oC in order to attain 
sufficient vapor pressure, while initator TBPO was kept at room temperature. Vapors of 
both VP and TBPO were sent into the reactor at flow rates of 1 and 0.2 sccm (standard 
cubic cm per min), respectively, using needle valves. The filament wire used for both 
reactions was Chromaloy O (Goodfellow). For PVP, the filament array was heated to 270 
°C and kept constant for all runs by passing a current of 1.25 A through the filament, 
which produced a voltage of 20.7 V. A Sorensen DLM 60-10 DC power supply was used 
to power the filament. 
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Figure 2.2. Polymerization reaction of PVP. 
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Two series of films were prepared, one with varying reactor pressure and one with 
varying substrate temperature. For the PVP pressure series, the substrate temperature 
was kept constant at 33 °C, and the pressure was varied between 13.3 and 33.3 Pa (0.1 
and 0.25 Torr). For the PVP temperature series, the pressure was kept constant at 20 Pa 
(0.15 Torr) and substrate temperature was varied between 30 and 43 °C. Due to the 
temperature gradient resulting from the temperature difference between the heated 
filament and cooled stage, the actual temperature of the substrate was measured at each 
condition using a K-type thermocouple attached directly to the silicon wafer substrate. 
The reactor pressure was maintained at a specified setpoint using a pressure controller 
(MKS Instruments, 626A) connected to a downstream throttle valve (MKS Instruments, 
156) located between the iCVD reactor and a dry vacuum pump (Edwards Vacuum, 
iH80). The substrate temperature was controlled by backside contact with a stage cooled 
or heated using a thermal fluid recirculating through a chiller/heater (Thermo Electron, 
Neslab RTE-7). 
 An important parameter influencing iCVD deposition rate as will be discussed 
herein is the fractional saturation Pm/Psat ratio of the monomer partial pressure, Pm, and 
the monomer saturation pressure, Psat, determined at the substrate temperature. Pm was 
calculated as the total reactor pressure multiplied by the fraction of the monomer flow to 
the total molar flow, and Psat was calculated from the Clausius-Clapeyron equation based 
on a fit to literature vapor pressure data [20-22]. 
2.2.2 Polymer characterization 
In order to confirm the deposition of PVP, several characterization techniques were 
utilized. Fourier-transform infrared (FTIR) spectroscopy measurements were performed 
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on a Thermo Nicolet 6700 spectrometer in normal transmission mode. After a 5 min purge 
of nitrogen gas to reduce atmospheric moisture and carbon dioxide in the sampling 
chamber, 32-64 scans were taken from 400-4000 cm-1 using a Deuterated Tri Glycine 
Sulfate detector of a background spectrum of bare silicon. Once removed, each sample 
was placed in the spectrometer and allowed to purge again with nitrogen gas for 5 min, 
and scanned 32-64 times against the clean silicon background. The major spectral peaks 
were analyzed for chemical groupings specific to the monomer, N-vinylpyrrolidone, and 
polymer, PVP. All FTIR spectra were baseline corrected. 
X-ray photoelectron spectroscopy (XPS) was done on a Physical Electronics 
VersaProbe 5000 with a scanning monochromatic source from an Al anode and with dual 
beam charge neutralization. High resolution XPS spectra of C1s were aquired in high 
power mode of 100 W over a binding energy range of 280 to 300 eV. The resulting spectra 
were compared to literature data in a polymer XPS database [23,24].  
Gel permeation chromatography (GPC) was done to determine the molecular 
weight and polydispersity of PVP. An HPLC-grade tetrahydrofuran solvent (OmniSolv 
99.9%) was used to make a concentration of 1 mg/ml of polymer in solution, which was 
then injected into the GPC column and analyzed using a refractive index detector. 
Molecular weight and distribution were determined based on a calibration curve of 
different poly(styrene) standards of known molecular weights.   
The thickness of each PVP film was estimated using a M-2000U spectroscopic 
ellipsomter from J.A. Woollam with scans at 60°, 70°, and 80° angles. Raw amplitude and 
phase change data were fitted to a film model created in the WVASE32 software that 
consists of a bare silicon substrate, a 7 Å native oxide layer, and a Cauchy model layer 
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to represent the PVP polymer film. By minimizing the mean squared error using 
WVASE32, the converged film model provided an estimate of film thickness and optical 
constants that best fit the sample data. Average deposition rate was then calculated by 
dividing the thickness of the film over the total measured reaction time.  
 
2.3 Results and discussion 
 
2.3.1 PVP structure and composition 
 
Figure 2.3 compares the FTIR spectra of a PVP film and the corresponding 
monomer VP. All PVP samples in the experimental pressure and substrate temperature 
series have identical FTIR spectra. For PVP, the broad peak around 2800-3000 cm-1 
represents CHx stretches and the peaks from 1400 to 1500 cm-1 represent the C–C 
stretch. The C–N stretch is identified by the peaks from 1250 to 1335 cm-1. The strong 
intensity peak at approximately 1680 cm-1 represents the C=O stretch and is close to the 
previously reported value of 1682 cm-1 determined using FTIR after iCVD synthesis [28]. 
The absence of the peak at 1631 cm-1 for PVP, indicating the vinyl bond in the monomer 
VP, signifies that polymerization has occurred through the anticipated C=C bonds. 
Further proof of polymerization is the absence of the peaks from 650 to 1000 cm-1 for 
PVP, representing the =C–H bend of the monomer VP, again signifying that the C=C 
double bond is broken during free radical polymerization [25].  
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Figure 2.3. FTIR spectrum of VP monomer and PVP polymer. 
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XPS was also done to confirm the deposition of PVP. Figure 2.4 shows a high 
resolution C1s scan of the polymer. The scan can be resolved into four separate carbon 
bonding environments that are matched to the chemical structure of PVP. Peaks 1-4 
correspond to the carbons of the C–C–C, C–C–C=O, C–N and C=O bonds of PVP, 
respectively. Table 2.1 details the percent area under each resolved peak and the 
corresponding experimental peak intensity ratios relative to the C=O peak (peak 4). The 
experimental ratios can be compared to the theoretical ratios based on the expected 
polymer stoichiometry of PVP. The stoichiometric chemical structure of PVP leads to 
2:1:2:1 ratios of peaks 1, 2, 3 and 4, respectively, while the experimental ratios are found 
to be 2.23:1.00:1.96:1.00, which are close to the theoretical values. The FTIR and XPS 
results therefore indicate iCVD polymerization of PVP. 
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Figure 2.4. C1s XPS scan of PVP and the corresponding resolved C1s peaks. 
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Table 2.1. Resolved C1s peaks of PVP with their respective binding energy and percent 
area. 
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2.3.2 Molecular weight and distribution 
 
In addition to FTIR and XPS, GPC was done to determine representative molecular 
weight and polydispersity of both PVP. PVP deposited at a fractional monomer saturation 
Pm/Psat of 0.745 was found to have a number average molecular weight (Mn) of 18,165 
g/mol and a polydispersity index (PDI) of 1.47. The formation of a high molecular weight 
polymer is similar to results from previous iCVD work [19]. Typically thermally initiated 
free radical polymerization produces broad molecular weight distributions due to the 
continuous growth of polymer chains during monomer conversion [26]. The dispersity of 
PVP can be improved by varying the substrate temperatures and pressures to determine 
the optimal Pm/Psat that will result in a higher PDI. 
2.3.3 Deposition kinetics 
 
The deposition rate of each polymer film was calculated by measuring the 
thickness from spectroscopic ellipsometry and dividing it by the total reaction time. 
Figures 2.5a shows the deposition rate vs. gas pressure for PVP. The deposition rate 
increases linearly with increasing reactor pressure at constant substrate temperature. 
This result is intuitive as increasing pressure increases the monomer concentration for 
the polymerization reaction. In regards to the effect of initiator on the deposition rate, the 
initiator is a lot more volatile than the monomer, therefore surface adsorption is expected 
to be a lot less relative to monomer adsorption. In addition, the initiator reacts directly 
from the gas phase with the adsorbed monomer at a faster rate than initiator adsorption 
on the surface [27]. Previous studies have shown that iCVD kinetics are zero order with 
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respect to initiator concentration [28]. Therefore, the kinetics is not controlled by the 
initiator and in turn does not affect the deposition rate of the polymer.  
Figures 2.5b describes the desposition rate of PVP as a function of substrate 
temperature at constant reactor pressure. The deposition rate decreases with increasing 
substrate temperature. This result is not intuitive in that normally the rate of reaction 
increases with increasing temperature for normal Arrhenius behavior. Instead, the 
observed trends indicate that PVP deposition is favored on a colder substrate and have 
a faster rate of polymerization at a lower temperature. This implies that the deposition 
rate is limited by the rate of adsorption of monomer to the substrate rather than the 
intrinsic polymerization rate. This has been observed in many other iCVD polymerizations 
[6,29]. With more adsorbed monomer present on a colder surface, the increased surface 
concentration of monomer leads to a corresponding increase in reaction rate at the 
surface to create a thicker film [19].  
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Figure 2.5. Deposition rate of PVP as a function of (a) gas pressure, (b) substrate 
temperature, and (c) Pm/Psat. 
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Figures 2.5c shows the deposition rate of PVP as a function of the fractional 
saturation ratio of the monomer pressure to saturation pressure (Pm/Psat). The Pm/Psat 
ratio essentially represents the surface concentration of monomer on the substrate 
surface and the collapse of rate data for a wide range of deposition conditions to a single 
linear relationship with Pm/Psat strongly indicates that this monomer adsorption parameter 
is key to controlling iCVD polymerization kinetics. For instance, a thin film is deposited 
faster at a Pm/Psat closer to 1, the saturation point, than at a lower Pm/Psat. However, if 
Pm/Psat is greater than 1, the reaction is being run over the saturation pressure and the 
monomer vapor will most likely condense on the substrate rather than polymerize. The 
linear increase in deposition rate with the surface monomer concentration suggests 
polymerization is first order with respect to the respective monomer, which agrees with a 
thermally initiated free radical polymerization mechanism [26]. This also agrees with 
previous work that has studied the effect of Pm/Psat and how it relates to the surface 
concentration of the monomer [28].  
 
2.4 Conclusions 
In summary, PVP was desposited under various iCVD reactor conditions. The 
deposition rate for PVP was found to increase with increasing reactor pressure and 
decrease with increasing substrate temperature. The fractional saturation Pm/Psat is found 
to be the unifying parameter influencing deposition kinetics. These results aid in 
identifying suitable reactor conditions for polymer integration in alternative energy 
applications such as dye sensitized solar cells. 
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Chapter 3: Integration of Poly(vinylpyrrolidone) as a Polymer Electrolyte in Dye 
Sensitized Solar Cells 
 
3.1 Introduction 
 
Dye sensitized solar cells (DSSCs), first introduced by O’Regan and Grätzel, are 
photovoltaic devices that have a low cost of manufacturing and high stability [1]. In a 
typical liquid electrolyte DSSC, the dye catches photons of incoming light, becomes 
excited, and then injects electrons into the titanium dioxide (TiO2) particles. The electrons 
are then transported through the TiO2 and out to the external circuit. A liquid electrolyte 
in the cell, containing a redox ion couple (iodide/triiodide), then closes the circuit so that 
the electrons are returned back to the photoanode to regenerate (reduce) the dye 
molecules. Figure 3.1 shows a schematic of the operation of a DSSC. However, the liquid 
electrolyte is prone to leakage and evaporation which leads to performance degradation 
[2]. In addition, the mobile redox ions in the liquid electrolyte can scavenge 
photogenerated electrons that lower the overall current produced by the cell. Therefore, 
alternatives to liquid electrolytes have been extensively researched, including hole 
transport materials [3–5], p-type semiconductors [6], and gel and solid polymer 
electrolytes [7,8].  
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Figure 3.1: Schematic diagram of a dye sensitized solar cell. 
 
 
 
 
 
 
30 
 
Polymer electrolyte DSSCs are a promising alternative to liquid electrolyte DSSCs 
because they are flexible, do not leak or evaporate and have shown to have higher open 
circuit voltage [9] and potentially higher efficiencies. Nevertheless, efforts to integrate 
polymers within the cell have not been effective due to the difficulty in infiltrating the 
mesoporous TiO2 layer [1,10]. The combination of a nanoscale pore diameter, high 
aspect ratio, and the presence of viscous and steric hindrance in the TiO2 layer make 
complete pore filling extremely difficult [2]. In addition, solution techniques use solvents 
that are difficult to completely remove and can therefore deteriorate the cells’ 
performance. Although research has been conducted on increasing the penetration depth 
into the TiO2 layer to improve DSSC performance, with current processing techniques, 
results have shown a maximum depth of ~2 μm [3,10,11]. 
In order to overcome the challenges of pore filling with polymer electrolytes, 
initiated chemical vapor deposition (iCVD), a solvent-free technique, has been used to 
directly grow polymer electrolytes directly inside the pores of the TiO2 layer [12,13]. In 
addition, previous work, through first principles mathematical modeling, has shown that 
the polymer electrolyte chemistry has a significant effect on the dynamic processes 
occurring inside the cell [2]. Results showed that the polymer can form complexes with 
lithium (from the iodide salt) and reduce surface Li+ concentration on TiO2 and therefore 
negatively shift the conduction band of TiO2. In addition, polymers that are more basic 
adsorb more readily onto the TiO2 surface due to Lewis acid–base interactions, creating 
a more effective blocking layer, which reduces the rate of electron recombination and 
increases photocurrent [2]. Ultimately, mathematical modeling will help with 
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understanding the role of the polymer electrolyte and aid in identifying polymers that can 
lead to enhanced efficiency of the cell. 
This work presents poly(vinylpyrrolidone) (PVP) as a potential polymer electrolyte 
inside the mesoporous TiO2 layer in a DSSC. PVP is a water soluble polymer produced 
conventionally from the thermally initiated free radical polymerization of N-
vinylpyrrolidone. PVP has been used as a polymer electrolyte in thin film supercapacitors 
[14] and as a polymer gel electrolyte in dye sensitized solar cells (DSSCs) [15]. Therefore, 
it is a promising polymer to integrate into DSSCs using iCVD as a viable approach in 
achieving good pore filling of the mesoporous TiO2 photoanode. Chapter 2 described the 
effect of iCVD parameters, reactor pressure and substrate temperature, on PVP 
polymerization kinetics and deposition rate. The analysis aided in understanding how to 
control deposition rate and film thickness of PVP. This knowledge proved critical in 
enabling the integration of PVP polymer electrolyte in DSSCs. Various processing 
strategies were applied to enhance cell performance and stability, including crosslinking 
of PVP and pore filling TiO2 layers of different thicknesses. This study demonstrates the 
potential of PVP in enhancing the DSSC’s performance and durability.  
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3.2 Experimental details 
 
3.2.1 Preparation of titanium dioxide mesoporous layer 
 
TiO2 paste was prepared by pouring 6 g of P25 TiO2 powder (Evonik) into a mortar. 
12 ml of deionized (DI) water was then added gradually while using a pestle to 
continuously mix the paste. After homogenization, 3 ml of acetylacetone (Aldrich) and 1 
ml of Triton X (Aldrich) were slowly added. The resulting suspension was then filtered 
through a 25 μm mesh material into a glass vial. After sonicating the suspension for 1 h 
and continuously stirring for another 30 min with a magnetic stirrer, it was left for 24 h to 
settle out any large TiO2 particles.  
FTO glass slides were first cleaned placed in a beaker with DI water and detergent 
and sonicated for 30 min. After sonication, each glass slide was rinsed separately with DI 
water and ethanol (Decon, 200 Proof). Once air dried, they were heated to 100 °C for 15 
min to remove any residual water or ethanol.  
Each glass slide was then placed one at a time in a spin coater and 0.25 ml of the 
prepared TiO2 paste was added to the conductive side of the glass. In order to get a TiO2 
thickness of 2 µm, the glass was spun sequentially at 500 rpm for 3 s, 800 rpm for 3 s, 
1500 rpm for 1 min, 700 rpm for 5 s, and 400 rpm for 3 s. For a TiO2 thickness of 4 µm, 
the glass was spun at 400 rpm for 1 min.  For a thickness of 14 µm, the glass was spun 
at 300 rpm for 5 s, 500 rpm for 1 min and 300 rpm for 5 s. All coated samples were heated 
to 500 °C at 50 °C increments. The samples were maintained at each incremental 
temperature for 5 min and at 500 °C for 30 min. This removed the acetylacetone and 
Triton X and created the mesoporous sintered network of TiO2 nanoparticles. For a DSSC 
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incorporating a liquid electrolyte, the samples were left to cool overnight. For a DSSC 
incorporating a polymer electrolyte, the samples were cooled to 100 °C.  
3.2.2 Evaluating crosslinking of PVP and pore filling of TiO2 
 
During the fabrication of a polymer electrolyte DSSC, the polymer integrated into 
the TiO2 layer needs to be soaked in a redox solution for 22 h. Since PVP was found to 
dissolve in the redox solution, crosslinking was introduced to the iCVD polymerization 
reaction in order to ensure polymer stability and insolubility. The monomer 1-vinyl-2-
pyrrolidone (VP; 99% Aldrich), initiator di-tert-butyl peroxide (TBPO; 98% Aldrich) and 
crosslinker ethylene glycol diacrylate (EGDA; 98% Alfa Aesar), as shown in Figure 3.2, 
were used for the polymerization and crosslinking of PVP by iCVD. Crosslinked PVP was 
deposited as a thin film on silicon substrates in order to facilitate initial spectroscopic and 
microscopic evaluation. The monomer VP and crosslinker EGDA were heated in source 
containers to 90 and 70 °C, respectively, in order to attain sufficient vapor pressure, while 
initator TBPO was kept at room temperature. The reactor pressure was maintained at 
0.15 Torr. The filament array (Chromaloy O, Goodfellow) was heated to 270 °C and kept 
constant for all runs by passing a current of 1.25 A through the filament. Vapors of VP 
and TBPO were sent into the reactor at flow rates of 1 and 0.2 sccm (standard cubic cm 
per min), respectively, using precision needle valves. The flow rate of EGDA was varied 
from 0.05 to 0.3 sccm to determine the ideal crosslinking conditions. Details on the iCVD 
reactor system are as described previously in Section 2.2.1.  
The variation in EGDA flow allowed the effect of changes in the fractional 
saturation ratios of the monomer and crosslinker, Pm/Pm,sat and Pc/Pc,sat, to be explored 
(here Pm and Pc are the partial pressures of the monomer and crosslinker, and, Pm,sat and 
34 
 
Pc,sat are the monomer and crosslinker vapor pressures at the substrate temperature). 
The ratio of the fractional saturations of monomer to crosslinker, Z, calculated as Pm/Pm,sat 
over Pc/Pc,sat, was determined for each reaction. A series of four thin films were deposited 
at different reaction conditions, as shown in Table 3.1. The ideal crosslinking condition 
was determined by experimenting with different Z ratios to identify the highest one 
neccesary to prevent PVP from dissolving. Results showed that at a Z ratio of 10, PVP is 
still soluble so there is insufficient crosslinker. Therefore, the ideal crosslinking conditions 
are at a Z ratio of 5, which stabilized the PVP from dissolving.  
Fourier transform infrared (FTIR) spectroscopy measurements were performed on 
a Thermo Nicolet 6700 spectrometer in normal transmission mode. A DTGS detector, 
scanned 64 times, was used to collect each spectrum from 400-4000 cm-1. The major 
spectral peaks were analyzed for chemical groupings specific to the cross linker (EGDA) 
and the monomer (VP) structures in the crosslinked PVP polymers. All FTIR spectra were 
baseline corrected. From FTIR, the ratio of the areas of the peaks specific to EGDA and 
VP in crosslinked PVP were calculated using the OMNIC software. This information 
together with the corresponding iCVD deposition conditions were used to plot the fraction 
of EGDA in the copolymer versus the fraction of EGDA at the deposition surface.  
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Figure 3.2: Crosslinking and polymerization of PVP. 
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Table 3.1: iCVD process runs to determine the ideal reaction conditions for crosslinking 
PVP. 
Run 
Flowrate 
of VP 
(sccm) 
Flowrate 
of TBPO 
(sccm) 
Flowrate 
of EGDA 
(sccm) 
Substrate 
Temperature 
(oC) 
Pm/Pm,sat Pc/Pc,sat Z 
1 1 0.2 0.05 51 0.10 0.01 10 
2 1 0.2 0.1 50 0.15 0.03 5 
3 1 0.2 0.2 45 0.21 0.06 3 
4 1 0.2 0.3 40 0.27 0.13 2 
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Pore filling of PVP was studied by using iCVD to polymerize and crosslink 
monomer 1-vinyl-2-pyrrolidone (VP; 99% Aldrich) using initiator di-tert-butyl peroxide 
(TBPO; 98% Aldrich) and crosslinker ethylene glycol diacrylate (EGDA; 98% Alfa Aesar), 
as described in Section 3.2.2, into the mesoporous TiO2 layers. Pore filling depositions 
were carried out at a constant Z ratio of 5 but at four different Pm/Pm,sat values of 0.10, 
0.15, 0.21 and 0.27. The best pore filling was found in the range of Pm/Pm,sat of 0.15-0.21 
and this condition was used to pore fill different TiO2 layers of 2, 4, and 14 µm thickness 
for 60, 90, and 120 min, respectively. The samples were then cleaved using a glass cutter 
after plunging in liquid nitrogen to create a clean cross section needed to analyze the 
extent of pore filling. Scanning electron microscopy (SEM) was done on a Zeiss Supra 
50VP in high vacuum mode at 10 kX magnification and 2 kV to qualitatively assess the 
amount of pore filling for each sample.  
3.2.3 Preparation of dye sensitized solar cells with liquid and polymer electrolyte 
 
 The procedures for preparing liquid and polymer electrolyte DSSCs are similar with 
slight variations. First, FTO glass electrodes were cleaned and coated with TiO2 paste as 
described in Section 3.2.1. Before annealing the glass samples, excess TiO2 was 
removed from the substrate edges to create a 1 cm2 square area of the TiO2 layer. The 
electrodes were annealed and cooled either over night or cooled to 100 °C for liquid and 
polymer electrolyte DSSCs, respectively, before being immersed in a 0.5 mM N-719 
ruthenium dye (Dyesol) in 50:50 vol% solution of acetonitrile (ACN; 99.7% Alfa Aesar), 
and tert-butyl alcohol (TBA; 99.8% Alfa Aesar) and left to soak for 24 h in the dark. After 
soaking, the glass electrodes were lightly rinsed with ethanol to remove any unadsorbed 
dye. For a liquid electrolyte DSSC, tape was placed on three sides of the photoanodes to 
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create a spacer to avoid a short in the cell. For a polymer electrolyte DSSC, the electrodes 
were immediately placed in the iCVD chamber under vacuum. Crosslinked PVP was 
deposited at a Pm/Pm,sat between 0.15–0.21 with 1, 0.2, and 0.1 sccm flow of monomer, 
initiator, and crosslinker until complete pore filling was achieved. The ratio of monomer 
Pm/Pm,sat to crosslinker Pc/Pc,sat or fractional saturation ratio, Z, was kept constant at 5. 
The filament was heated to 270 °C using a filament current of 1.25 A. The pressure was 
kept constant at 0.15 Torr and the substrate temperature ranged from 50–54 °C based 
on the desired Pm/Pm,sat. After deposition, the samples were removed from the reactor 
and immersed in a redox solution composed of 0.5 M lithium iodide (99.9% Aldrich) and 
0.05 M iodine (99.9% Aldrich) in 50:50 of γ-butyrolactone (>99.9% Aldrich) and propylene 
carbonate (>99% Aldrich) for 22 h to incorporate the redox couple. For both liquid and 
polymer electrolyte DSSCs, a platinized counter electrode was prepared by spin coating 
25 µl of 5 mM solution of chloroplatinic acid hydrate (99.9% Aldrich) in 2-propanol (99.9% 
Aldrich) onto cleaned (DI water and ethanol rinsed) FTO glass at 400 rpm for 6 s, 700 
rpm for 60 s and 400 rpm for 6 s.  The counter electrodes were then heated to 400 °C at 
50 °C increments. The electrodes were maintained at each incremental temperature for 
5 min and at 400 °C for 30 min. For polymer electrolyte DSSCs, the platinized counter 
electrode and photoanode were simply pressed together before characterization. The 
additional polymer on top of the pore filled photoanode deposited during iCVD ensured 
no short in the cell. For liquid electrolyte DSSCs, first the platinized counter electrode and 
taped photanode were pressed together. Then 1 ml of the same redox solution used for 
the polymer electrolyte cell was inserted into the untaped side of the solar cell right before 
characterization. 
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3.2.5 Characterization of dye sensitized solar cells 
 
A solar smulator with a a Newport 50-500 W lamp filtered to AM 1.5 spectral 
conditions was utilized to perform Photovoltaic measurements on each prepared DSSC. 
Data was taken using a Gamry Reference 600 on samples over an area of 9.62 mm2 
under 1 sun illumination (100 mW/cm2 irradiance) and a frequency sweep between 800 
kHz and 20 mHz. Gamry Framework software was used to generate the current-voltage 
(J-V) curves by implementing linear sweep voltammetry. The resulting data was used to 
calculate efficiency, fill factor, open-circuit voltage and short current density. For each 
electrode thickness (2, 4, and 14 µm), two samples prepared identically were tested.  
 
3.3 Results and Discussion  
 
3.3.1 Crosslinking of VP with EGDA 
 
Figure 3.3 compares the FTIR spectra of crosslinked PVP films at different Z 
ratios, Pm/Pm,sat to Pc/Pc,sat. For peaks related to VP, the CHx stretches, C–C stretch and 
C–N stretch are represented by the absorptions at 2800-3000, 1400-1500, and 1250-
1335 cm-1, respectively. The main peak at 1680 cm-1 has the strongest intensity and 
represents the C=O stretch. For peaks related to EGDA, the sharp peak at 1735 cm-1 
represents carbonyl stretching (C=O) and the peak at 1230 cm-1 represents the C-O 
stretch indicative of diesters. It is clear that as the fractional saturation ratio decreases, 
the intensity of the two peaks associated with EGDA, at 1735 and 1230 cm-1, decreases 
as well. 
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The FTIR data was used to further understand the copolymerization behavior of 
VP and EGDA. The data allowed Fc, which is the mole fraction of EGDA in the polymer, 
to be determined as the ratio of the area of the peak at 1735 cm-1 associated with EGDA 
(Ac) to the total area of the peaks at 1680 cm-1 related to VP (Am) and at 1735 cm-1 
corresponding to EGDA (Ac), see Equation 1. From the iCVD synthesis conditions, fc, 
which is the mole fraction of EGDA available on the deposition surface was also 
calculated, see Equation 2 [16,17]. 
       𝐹c =
𝐴c
2
𝐴c
2
+𝐴m
                             (1) 
 
 
             𝑓c =
𝑃c
𝑃c,sat 
𝑃m
𝑃m,sat
 + 𝑃c
 𝑃c,sat 
                                       (2) 
Figure 3.4 plots Fc as a function of fc. Results show that there is a direct 
relationship between the available EGDA at the surface for polymerization to the amount 
of EGDA that ends up in the copolymer (crosslinked PVP).  
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Figure 3.3: FTIR of crosslinked films at different Z ratios. 
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Figure 3.4: Plot of the fraction of EGDA in the copolymer versus the fraction of EGDA in 
the monomer feed at the surface. 
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3.3.2 Identifying ideal pore filling conditions 
 
The pore-filling of TiO2 in iCVD is dependent on two factors: the surface reaction 
rate of polymerization and the diffusion of the reactants through the pores [18]. Gas phase 
diffusion inside mesoporous TiO2 has been found to be dominated by Knudsen diffusion 
which depends on the size of the pores (dpore) and the diffusion length through the 
structure (λ). For diffusion inside mesoporous materials, surface diffusion is also a 
significant component to the overall mass transport. The surface reaction is based on the 
propagation rate constant for polymerization and the monomer concentration at the 
surface [18]. In order to get complete pore filling the surface reaction must be rate limiting. 
It has been previously discussed in Chapter 2 that the reaction or deposition rate of PVP 
increases with increasing Pm/Pm,sat. However, there are competing effects with diffusion 
in which maximum diffusivity is observed at intermediate partial pressures or surface 
coverage i.e. at intermediate Pm/Psat conditions [18]. Therefore, there is an ideal range of 
Pm/Pm,sat values in which the surface reaction becomes limiting and it is within this range 
that complete pore filling of the mesoporous TiO2 electrode is observed. At above or 
below this optimal range of Pm/Pm,sat values, diffusion becomes rate limiting and results in 
a lack of pore filling and mainly formation of polymer on top of the porous layer [18].  
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Figure 3.5: SEM images of the pore filling quality for TiO2 of layer thickness of 1 µm at 
Pm/Pm,sat of (a) 0.15, and (b) 0.21. 
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Figure 3.5 shows SEM images of the cross sectional area of the TiO2 layer, at the 
ideal pore filing conditions with a thickness of 1 µm. Figure 3.5a was for a sample pore 
filled at a Pm/Pm,sat and a Pc/Pc,sat of 0.15 and .03, respectively, for 90 min while Figure 
3.5b was for one pore filled at a Pm/Pm,sat and a Pc/Pc,sat of 0.21 and .04, respectively, for 
90 min. Both samples were pore filled at a Z of 5. Figures 3.5a and 3.5b show complete 
pore filling for the optimal range of Pm/Pm,sat, between 0.15 and 0.21. All the pores from 
top to bottom are completely filled, and a thin top layer of PVP has formed that provides 
the separation needed between the TiO2 photoanode and platinized counter electrode 
when DSSC cells are assembled. Therefore, all polymer electrolyte DSSCs will be pore 
filled at a Pm/Pm,sat between 0.15 and 0.21 with a Z ratio of 5. 
3.3.3 Dye sensitized solar cell characterization 
 
After pore filling each dye soaked cell under the optimal conditions using PVP for 
the polymer electrolyte DSSC, incorporating the redox solution and assembling a 
complete DSSC, current-voltage (J-V) measurements were collected. The data was 
analyzed to determine the open-circuit voltage (Voc), short-circuit current density (Jsc), fill 
factor (FF), and efficiency (ɳ) of each cell. The Voc represents the voltage reached when 
the current density is at zero. The Jsc represents the current density reached when the 
voltage is at zero. Fill factor is defined as the ratio of the actual maximum power achieved 
(Vmax x Jmax) to the theoretical maximum power (Voc x Jsc). The power conversion 
efficiency (ɳ) is the percentage of the power from the light source the cell is exposed to 
that is converted to electrical energy. The incident light intensity (Wo) was determined to 
be 7.06 mW/cm2.  
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The fill factor (FF) can be calculated using Equation 3 below. 
 
     𝐹𝐹 =
(𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥)
(𝑉𝑂𝐶 ×𝐽𝑆𝐶)
           (3) 
 
The efficiency (ɳ) can be calculated using Equation 4 below. 
 
       ɳ =
(𝐹𝐹 ×𝑉𝑂𝐶×𝐽𝑆𝐶)
𝑊𝑜
                (4) 
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Table 3.2: Electrochemical performance of polymer and liquid electrolyte DSSCs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thickness (µm) Voc (V) Jsc (mA/cm
2
) Vmax (V) Jmax (mA/cm
2
) Fill Factor Efficiency (%)
14 0.47 5.04 0.38 4.11 66 1.56
4 0.64 2.62 0.53 2.27 72 1.21
2 0.62 2.03 0.50 1.59 63 0.80
4 0.48 2.89 0.37 2.16 58 0.80
Electrolyte
Polymer
Liquid
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Figure 3.6: Comparison of J-V curves for polymer electrolyte cells with a TiO2 thickness 
of 2, 4, and 14 µm. 
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Figure 3.6 compares the J-V curves of the three polymer cells with thicknesses of 
2, 4, and 14 µm. As the TiO2 surface area increases with thicker polymer cells, a higher 
Jsc is achieved due to the larger amount of photosensitization [9]. With Voc, the thinner 
polymer cells at 2 and 4 µm TiO2 layer thicknesses show high voltage, while the thickest 
TiO2 layer of 14 µm show lower voltage that is similar to a liquid cell (see below). This 
lower voltage is probably due to TiO2 film cracking during its sintering, as shown in Figure 
3.7. It is conceivable during the redox solution soaking process to incorporate the redox 
in the polymer electrolyte that some of the solution becomes trapped inside these cracks 
during cell assembly. These more mobile liquid regions compared to the polymer-filled 
pores could lead to the voltage behavior being more similar to the liquid electrolyte 
behavior. Previous work has shown that the lower Voc is due to the lower TiO2 conduction 
band potential in a liquid vs. in a polymer [9]. The appearance of cracks is purely a 
manufacturing defect and does not reflect the properties of PVP. One way to reduce the 
potential for cracks is to anneal the TiO2 electrode at smaller increments for a longer 
period of time.  
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Figure  3.7: Top-down SEM image showing crack formation in a polymer electrolyte cell 
with a TiO2 layer thickness of 14 µm. 
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Figure 3.8: Comparison of the J-V behavior of polymer and liquid electrolyte DSSCs. 
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Figure 3.8 compares the polymer and liquid electrolyte DSSCs at a thickness of 4 
µm. The Voc is higher for the polymer cell compared to the liquid cell. On the other hand 
the Jsc for the polymer cell is only slightly lower than the liquid cell. However, the fill factor 
for the polymer cell is 22% higher. The increase in open circuit cell voltage is due to 
iCVD’s ability to achieve conformal coating and near complete pore filling, which leads to 
a good contact of the polymer and TiO2 that suppresses electron recombination at the 
electrolyte-electrode interface [19]. It is also known that an increase in Voc is directly 
related to an increase in the TiO2 conduction band potential afforded by the polymer [2]. 
Therefore, despite the lower Jsc, the significantly higher Voc together with a higher FF 
yields higher device efficiency for the polymer electrolyte cell compared to the liquid cell, 
as given in Table 3.2. Another favorable attribute for the polymer cell includes a lower 
shunt resistance indicated by the leveling out of the J-V curve as it approaches the short 
circuit condition. In additon, the polymer cell also has a steeper slope towards the open 
circuit condition, which is a characteristic of lower series resistance. These results 
coincide with previously reported results comparing PHEMA as a polymer electrolyte with 
an equialvent liquid electrolyte DSSC [9,20]. Therefore, PVP appears to be a viable 
polymer to integrate into dye sensitized solar cells as an electrolyte to achieve an increase 
in efficiency and robustness.  
 
3.4 Conclusion 
 
PVP has successfully been integrated as a polymer electrolyte into the 
mesoporous TiO2 electrode of DSSCs using iCVD. Crosslinking was introduced to ensure 
polymer insolubilty during cell fabrication and assembly. Ideal crosslinking conditions 
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were found to keep the polymer insoluble but also allowed the maximum amount of PVP 
to effect DSSC behavior. Ideal pore filling conditions were also found to ensure tight 
contact and integration of the polymer with the TiO2 photoanode. As a result, the polymer 
cells showed significant enhancement in cell performance compared to equivalent liquid 
cells. Polymer cells exhibited higher open circuit voltage and fill factor, which produced 
cells with higher efficiencies. Therefore, PVP shows promise as a viable polymer 
electrolyte that can further improve dye sensitized solar cells.  
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Chapter 4: Selective Deposition of Poly(vinylpyrrolidone) Under Supersaturated 
Conditions 
 
4.1 Introduction 
 
 Initiated chemical vapor deposition (iCVD) is a low energy, solvent free 
polymerization technique that can produce high quality thin films under vacuum. It has 
been observed that the deposition rate of polymers using iCVD is limited by the monomer 
availability at the surface. Therefore a lower substrate temperature results in faster 
deposition as this increases monomer adsorption [1,2]. The amount of monomer 
adsorption can be expressed in terms of the fractional saturation at the surface, which is 
the ratio of the monomer’s partial pressure to its saturated vapor pressure (Pm/Psat) at the 
temperature of the surface. At low values of Pm/Psat, monomer adsorption corresponds to 
less than one layer of film and the surface concentration increases linearly with Pm/Psat 
[3]. At higher values of Pm/Psat, there is multilayer adsorption of monomer. At Pm/Psat > 1, 
or supersaturated conditions, the monomer condenses on the surface. Typically, under 
supersaturated conditions, films are not smooth and uniform due to the formation of 
condensed, coalesced monomer droplets. Therefore, to avoid condensation and in order 
to produce uniform, homogeneous films, iCVD is usually run at intermediate Pm/Psat 
conditions between 0.4-0.8 to ensure reasonable deposition rate [2]. 
There are only a few studies that have been done to examine the deposition 
behavior and morphology of films produced under supersaturated conditions (Pm/Psat > 
1) [4]. In the deposition of poly(glycidyl methacrylate) (PGMA) films under supersaturated 
conditions, surface undulations were observed. As the level of supersaturation increased 
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(greater Pm/Psat values) the period and amplitude of the undulations increased as well. 
This is due to the monomer condensing on the substrate followed by the nucleation of 
droplets and film growth [4]. One of the most important properties of monomer 
condensation is the wettability of the solid surface with the condensing liquid. Wettability 
is the distribution of the liquid when deposited on a solid substrate [5], and it can be 
quantified through the contact angle of the liquid on the solid. It has been shown that 
depending on the wetting properties of the solid surface, liquid condensation can occur 
either in the form of a droplet or a thin film. If complete wetting is achieved by the liquid, 
condensation will occur as a thin film, otherwise droplets and islands will form [6].  
An important process to understand regarding phase transformation on solid 
surfaces is heterogeneous nucleation. The first step of a thermodynamic phase is 
nucleation. Heterogeneous nucleation describes how a surface, based on the contact 
angle of the liquid on the substrate, can facilitate the nucleation process. The theory 
suggests that a smaller contact angle or more wettable substrate decreases the 
nucleation barrier until nucleation can be avoided completely and form a smooth film [6, 
7]. Therefore, the objective of this paper is to examine how monomer supersaturation 
(Pm/Psat > 1) affects the morphology and deposition rate of PVP on substrates with various 
wetting properties. Results could lead to applications such as selective deposition or 
patterning.  
 Currently, photolithography is the most common method of patterning thin films. 
Photolithography is an optical technique to transfer patterns from a photomask to polymer 
layer coated on a substrate [8]. The desired patter is first applied on a photoresist layer. 
A photoresist is a polymer film coated on to a substrate and exposed with a desired 
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pattern. The pattern is then developed into a mask that creates a patterned film by 
selectively etching the underlying layer [8]. The whole process involves surface 
preparation, coating, pre-bake, alignment, exposure, development, post-bake, 
processing using the photoresist as a masking film, stripping and finally post process 
cleaning. Photolithography needs to be done in a clean room and the process is long and 
tedious. During the coating part of the process for photoresist deposition spin coating is 
the most common method. However, problems such as drying during spinning increases 
the viscosity of the resist edges. The edges can be up to 20-30 times the average 
thickness of the resist. There is also high possibility of streaks, which are caused by 
particles with a diameter greater than the thickness of the photoresist layer. [8]. All these 
defects reduce the quality of the pattern.  
 iCVD provides the possibility of patterning under supersaturated conditions in a 
simple four step process without the use of a clean room. Surface patterning has many 
biological application such as tissue scaffolding [9], stem cell research [10], and to control 
cell behavior [11]. This work shows a detailed analysis of the effect on PVP deposition at 
supersaturated conditions on substrates with different surface conditions and the potential 
patterning applications. This study is the beginning of discovering an easier, faster 
alternative to photolithography for patterning with polymer thin films. 
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4.2 Experimental details 
4.2.1 Fabrication of surfaces with different wettabilities  
 
PVP was deposited using iCVD under supersaturated conditions on four different 
surfaces: titanium (Ti), silicon (Si), silver (Ag), and polytetrafluoroethylene (PTFE). The 
silicon substrates were purchased from WRS Materials and used as received. Each of 
the other materials were deposited on the silicon wafer. PTFE was deposited on the 
silicon substrate using iCVD [12,13]. Vapors of hexafluoropropylene oxide (HFPO), which 
is the reactive precursor to forming PTFE, were sent into the reactor at a flow rate of 10 
sccm. The pressure and substrate temperature were kept constant at 0.15 Torr and 30 
°C, respectively. The filament wire, phosphor bronze (Central Wire Industries), was 
heated to 500 °C (filament current of 5 A). Titanium and silver were deposited on the 
silicon substrate using a Thermionics VE 90 thermal evaporator. The 1/8” metal source 
pellets and tungsten boats needed for evaporation were purchased from Kurt J Lesker. 
To deposit each metal, the current was increased at increments of 20 A until a deposition 
rate of 1-5 nm/min was achieved. Ti and Ag started depositing at 150 A and 80 A, 
respectively. Once the desired thickness was reached, the current was immediately shut 
off and the instrument was left to pump down for 15 min before opening the chamber.  
4.2.2 Contact angle measurements 
 
In order to determine the contact angle of both the monomer, VP, and deionized 
water on Ti, Si, Ag and PTFE, a high resolution, custom-built contact angle goniometer 
was utilized [14]. The contact angle was calculated from the images using the Low-Bond 
Axisymmetric Drop Shape Analysis for Surface Tension and Contact Angle 
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Measurements (LB-ADSA) plug-in of Image J. The LB-ADSA is based on fitting the 
Young-Laplace equation to the image data [15]. The height, width and diameter of the 
drop are adjusted manually until the model fits the droplet image. The contact angle is 
constantly calculated by applying an image - energy term that, based on the inputted 
boundary conditions, generates an approximation of the Young-Laplace equation [15]. 
4.2.3 iCVD of PVP under supersaturated conditions 
 
The monomer 1-vinyl-2-pyrrolidone (VP; 99% Aldrich) and the initiator di-tert-butyl 
peroxide (TBPO; 98% Aldrich) were used without further purification for the 
polymerization of PVP using iCVD on Ti, Si, Ag, and PTFE. The reactions occurred in a 
custom built vacuum reactor described in Chapter 2. In order to attain sufficient vapor 
pressure, the monomer, VP, was heated in a source containers to 90 °C, while the initator, 
TBPO, was kept at room temperature. Vapors of both VP and TBPO were sent into the 
reactor at flow rates of 0.5 and 0.1 sccm (standard cubic cm per min), respectively, using 
precision needle valves. The filament wire, Chromaloy O (Goodfellow), was heated to 270 
°C using a Sorensen DLM 60-10 DC power supply set at a filament current of 1.25 A. The 
pressure and substrate temperature were kept constant at 0.15 Torr and 22 °C, 
respectively. At these conditions, the fractional saturation Pm/Psat of the monomer is 1.44. 
Details of the iCVD reactor system are described in Chapter 2.   
4.2.4 Thin film characterization 
 
The thickness of each film was estimated using a M-2000U spectroscopic 
ellipsometer from J. A. Woollam with scans at 60°, 70°, and 80° angles. For PVP 
deposited on Si, raw amplitude and phase change data were fitted to a film model created 
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in the WVASE32 software that consists of a bare silicon substrate, a 7 Å native oxide 
layer, and a Cauchy model layer to represent the PVP. For PVP deposited on PTFE, 
which was deposited on Si, a multilayer film model was created consisting of a bare silicon 
substrate, a 7 Å native oxide layer and two Cauchy model layers to represent first PTFE 
and then PVP. After determining the thickness of PTFE using the single Cauchy model 
for a PTFE-coated sample without PVP, the thickness of the PTFE layer was set and a 
second Cauchy model was added to model the PVP layer on a PTFE-coated sample 
containing a top layer of PVP. A similar procedure was performed to model PVP on Ti 
and Ag. First, a Ti or Ag coated silicon wafer without PVP was used to measure the 
thickness of the metal layer. Separate models specific to Ti and Ag available in the 
software were used to represent the respective metals. Once the thickness of each metal 
was determined and set, the Cauchy layer was added to calculate the thickness of PVP 
on both Ti and Ag.  
Fourier-transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) 
were used to confirm the polymerization of PVP on the different substrate surfaces. FTIR 
was used to characterize both the Ti substrate using a Thermo Nicolet 6700 spectrometer 
in normal transmission mode. A similar procedure as described in Section 2.2.2 was 
performed but with 128 scans from 400-4000 cm-1. The spectra were analyzed for 
chemical groupings specific to PVP and Ti. All FTIR spectra were baseline corrected. 
XPS was used to characterize PVP deposition on Ag and Si surfaces using a Physical 
Electronics VersaProbe 5000. Survey and high resolution spectra were acquired to 
determine the prescence of PVP on the surface. A monochromatic Al-Kα X-ray source 
(1486.6 eV) at 1.5 W with a beam diameter of 18 µm was used. The range of binding 
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energies for each element, Ag3d, N1s, O1s, and C1s was 362–382 eV, 391–411 eV, 
523–543 eV, and 278–298 eV, respectively. The step size for the high resolution and 
survey spectra was set at 0.05 and 0.02 eV, respectively. The pass energy was 23.5 eV 
and 117.4 eV for the high resolution and survey spectra.  
4.2.5 Selective deposition of PVP on Si with Ag patterns  
 
As will be discussed, under supersaturated conditions, PVP deposition on Ag was 
found to be fairly minimal compared to that on Si. Therefore, the ability to selectively 
deposit PVP using patterns of Ag on Si was explored. Athene 200 mesh TEM grids (G216) 
with an open central square were purchased from TedPella for creating the Ag patterns 
on Si. The grids are made of copper and are 3.05 mm in diameter with a hole width of 
100 µm, grid pitch of 125 µm and line width of 35 µm. A schematic of the patterning 
process is shown in Figure 4.1. Prior to Ag deposition, the TEM grid was first dipped in 
acetone (BDH Chemicals), placed on the silicon wafer and held down with a smaller piece 
of silicon for 20 s. The top silicon piece was then removed to allow acetone to evaporate. 
Any remaining residue was wiped off the silicon wafer using a cotton swab soaked in 
acetone. Once the grid was in place, Ag was deposited using the thermal evaporation 
method described in Section 4.2.1. After depositing Ag, the grids were removed and 
placed in the iCVD chamber to deposit PVP using the procedure discussed in Section 
4.2.2.  
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Figure 4.1: Schematic of patterning process. Step 1- immerse TEM grid in acetone and 
place on silicon substrate, Step 2- deposit Ag on silicon substrate, Step 3- remove TEM 
grid, Step 4- deposit PVP on Ag substrate. 
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4.2.6 Characterization of patterned films 
 
XPS elemental mapping was used to determine the spatial location of key 
elements in the patterned films. XPS was done with the smallest beam size of 10 µm to 
maximize spatial resolution. The X-ray source used was Al 1486.6 eV mono at 1.5 W. For 
the Ag patterns, Ag3d, N1s and C1s were chosen as elements to be mapped. The range 
of binding energies for each element, Ag3d, N1s and C1s was 365 – 368 eV, 396 – 399 
eV and 382 – 385 eV, respectively. The step size and pass energy for all three elements 
was set at .2 eV and 23.5 eV, respectively. The X-ray scanner was set at 256 x 256 pixels. 
The area of the image was 750 x 750 µm. Each element detection was repeated once 
with one cycle due to the large acquisition time involved with mapping. The results 
produce an image indicating the location of the elements of interest in the pattern.  
 
 
4.3 Results and discussion 
 
4.3.1 Effect of wettability on deposition rate  
 
Figure 4.2 plots the deposition rate of PVP on each substrate at supersaturated 
conditions, Pm/Psat = 1.44, and normal conditions, Pm/Psat =.77, and the contact angle of 
monomer, VP, on each corresponding surface material. Overall, the deposition rate 
decreases under supersaturated conditions for all contact angles compared to deposition 
in normal iCVD conditions. In addition, as the contact angle increases the deposition rate 
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under supersaturated conditions decreases drastically to the point where Ag and PTFE 
have an almost negligible deposition rate below 0.3 nm/min. The deposition rate for 
substrates with a higher contact angle are also slower at both normal and supersaturated 
conditions. These results correspond to previous work describing the effect of the contact 
angle between the monomer and the solid surface during condensation [6]. 
SEM was done to determine PVP morphology on the substrates. Figure 4.3a 
shows the deposition of smooth, near-featureless PVP thin films on a Si surface at 
supersaturated conditions. Figure 4.3b shows the formation of PVP islands rather than 
a continuous thin film on an Ag surface at supersaturated conditions. In order to 
understand these differences in deposition behavior and morphology, the wettability of 
the different surfaces was evaluated. Figure 4.4 compares the contact angle of the 
monomer, VP, and water on each of the substrates (Ti, Si, Ag, PTFE). Titanium has the 
smallest contact angle for both monomer and water at 0° and 29.1°, respectively. Teflon 
(PTFE) has the largest contact angle for both monomer and water at 39.4° and 87.6°, 
respectively. Both monomer and water contact angles show the same trend in that the 
contact angle increases from Ti to Si to Ag to PTFE. Therefore, titanium is the most 
hydrophilic surface and PTFE is the most hydrophobic surface.  
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Figure 4.2: Plot of PVP deposition rate at normal and supersaturated conditions and 
corresponding VP contact angle for different substrate surfaces.  
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Figure 4.3: Top-down SEM images of PVP deposition on (a) silicon and (b) silver 
surfaces under supersaturated iCVD conditions. 
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Figure 4.4: Contact angle of monomer and water on Ti, Si, Ag and PTFE surfaces.  
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The reason PVP can deposit on silicon as a thin film is because it is a wettable 
substrate with a relatively low contact angle. The monomer is able to spread out across 
the substrate to form a thin film. This result is similar to previous reported results where 
PGMA was deposited under supersaturated conditions as a continuous thin film on a 
surface consisting of a crosslinked ethylene glycol diacrylate (EGDA) polymer. The 
contact angle of glycidyl methacrylate on polymerized EGDA was measured to be 25.1° 
and smooth PGMA films were produced [4]. This contrasted with PGMA island growth on 
PTFE given the higher contact angle of 52° of the monomer. In contrast, wetting on silver 
is much less favorable and as a result a continuous film of PVP is much more difficult to 
form. 
4.3.2 Characterization of PVP on Ti, Ag and Si surfaces 
 
Figure 4.5 compares the FTIR spectra of PVP deposited on titanium under 
supersaturation with the corresponding titanium and PVP films by themselves. For PVP, 
the broad peak around 2800–3000 cm-1 represents CHx stretches, the peaks from 1400 
to 1500 cm-1 represent the C–C stretch and the peaks from 1250 to 1335 cm-1  represent 
the C–N stretch. The C=O stretch is the strong peak at approximately 1680 cm-1. For 
titanium the distinguishing peak is at 1100 cm-1. The PVP film on Ti shows the presence 
of identical peaks associated separately with PVP and Ti, which indicates that PVP 
polymerization did occur on titanium under supersaturated conditions.  
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Figure 4.5: FTIR spectra of (a) Ti film, (b) PVP film, and (c) PVP deposited on Ti at 
Pm/Psat > 1. 
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Figures 4.6a and 4.6b show the survey spectra for PVP deposited on Ag and Si, 
respectively, at supersaturated conditions. On the Ag surface, the absence of a nitrogen 
peak suggests the lack of any PVP on Ag. However, the small oxygen and carbon peaks 
indicate that there could be the presence of PVP. Since XPS is a surface technique that 
only penetrates up to 10 nm in depth of any surface, the strong Ag signal means that any 
PVP residing on the surface would have to be extremely thin. This is confirmed by 
ellipsometry, which estimates an average thickness of about 6 ± 4.3 nm.  The deposition 
of PVP on silicon under supersaturated conditions is confirmed by the presence of strong 
intensity peaks for carbon, oxygen, and nitrogen as seen in Figure 4.6b. The lack of any 
Si peak indicates a sufficiently thick PVP film, which ellipsometry estimates as 103 ± 2.6 
nm. 
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Figure 4.6: XPS survey spectra of PVP deposited at Pm/Psat > 1 on (a) Ag, and (b) Si. 
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4.3.3 Patterning of PVP on Ag and Si surfaces 
 
The drastic difference in PVP deposition affinities on Ag and Si makes it possible 
to selectively deposit PVP thin films on Si substrates containing Ag patterns. Figure 4.7 
shows SEM images of the selective PVP deposition on an Ag pattern created by the 
thermal evaporation of Ag onto a contact mask using a TEM grid. Figure 4.7a shows a 
complete grid pattern on an Ag substrate at a magnification of 22x. Figure 4.7b is the 
same pattern at a magnification of 150x. Examination of the image shows a good match 
with the TEM grid dimensions: the squares are 100 µm across, the line width is 34.7 µm, 
the pitch size is 124.8 µm and the diameter of the whole pattern is 3.05 mm. The materials 
contrast can also been seen in Figure 4.7b in that the squares are lighter in color than 
the grid lines. The material inside the squares is Ag and the grid lines are coated with 
PVP.  Figure 4.7c and d are images of the same pattern at even higher magnifications 
of 400x and 900x, respectively. Both images clearly show thicker grid lines corresponding 
to the uniform, thin film deposition of PVP on Si with no Ag. In contrast, in the grid holes 
in which Ag was deposited, there is essentially no PVP thin film deposition but rather a 
few scattered islands most likely of some random condensation of monomer that formed 
into polymer. These results reconfirm the selective deposition of PVP on Si vs. Ag 
surfaces that lead to patterned PVP grid lines that match the TEM grid lines which were 
used to mask Si from Ag deposition during thermal evaporation.  
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Figure 4.7: SEM images of (a) entire TEM grid, and (b-d) close up patterns of TEM grid. 
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In order to demonstrate more quantitatively that there is preferential deposition of 
PVP on Si rather than Ag, XPS elemental mapping was performed. Figure 4.8a is an 
image of the pattern of C1s. The lighter regions indicate a higher concentrations of C1s. 
It is clear that carbon is more highly concentrated on the outside grid lines than in the 
squares. The presence of C1s, an identifying element for PVP, in larger quantities on the 
grid lines indicates PVP resides on the grid lines rather than in the squares. Figure 4.8b 
is an image of the pattern corresponding to Ag3d. The lighter areas, with higher 
concentrations of Ag, are focused on the square regions. XPS mapping shows a clear 
separation of PVP and Ag in the pattern that agrees with the observations made by SEM. 
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Figure 4.8: XPS mapping on patterned Ag surface detecting (a) C1s of PVP in the grid 
lines, and b) Ag3d of Ag in the grid holes. 
 
 
 
 
78 
 
4.4 Conclusion 
 
The formation of smooth PVP films under supersaturated conditions was achieved 
using iCVD on Si and Ti. In contrast, near-zero deposition was found for the Ag and PTFE 
surfaces. The differences in deposition behavior can be related to the wettability of the 
monomer as there is a correlation of the contact angle of the monomer, VP, with the 
deposition rate found to decrease with increasing contact angle. The preferential 
deposition of PVP on Si instead of Ag was made use of in enabling spatially selective 
deposition on Si for Ag patterns on Si. Results from SEM and XPS confirmed the ability 
to pattern PVP under supersaturated conditions.  
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Chapter 5: Conclusion and Recommendations 
 
 Overall, PVP has been shown to be a versatile polymer that can potentially be 
used in a variety of applications. In particular, the ability to use initiated chemical vapor 
deposition (iCVD) to simultaneously synthesize and deposit PVP thin films have opened 
up new directions where PVP could be applied. Importantly, in order to effectively apply 
PVP in these new applications, a fundamental understanding of the polymerization and 
deposition behavior under different iCVD processing conditions has shown to be critical. 
For deposition of PVP under normal conditions, results showed that the deposition rate 
of PVP increased with increasing reactor pressure but decreased with increasing 
substrate temperature. This signifies that the deposition rate is limited by the rate of 
adsorption of monomer to the substrate rather than the intrinsic polymerization rate. This 
dependence on monomer surface availability can be expressed through the fractional 
saturation ratio Pm/Psat such that deposition rate increases linearly with Pm/Psat. This 
indicates that PVP deposition is first order with respect to the monomer, which is 
analagous to that of thermally initiated free radical polymerization in the liquid or bulk 
phase. 
 This knowledge proved helpful in enabling the integration of PVP as a polymer 
electrolyte in dye sensitized solar cells as a promising alternative to liquid electrolyte 
DSSCs. EGDA was used to crosslink PVP and prevent it from dissolving in the electrolyte 
needed to fabricate DSSCs. The ideal ratio of the fractional saturations of monomer to 
crosslinker, Z, is 5. In order to achieve highly efficient DSSCs, the mesoporous TiO2 layer 
needs to be completely pore filled. Ideal pore filling conditions were determined to be in 
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the range of Pm/Pm,sat of 0.15–0.21 while keeping the Z ratio at 5. DSSCs were then 
fabricated and integrated with PVP using iCVD. The polymer electrolyte showed higher 
open circuit voltage and fill factor which resulted in a higher power conversion efficiency 
cell when compared to an equivalent liquid cell. This shows that polymer electrolytes, 
specifically PVP, can potentially resolve the issues associated with using liquid 
electrolytes and lead to more effective photovoltaic devices.  
After analyzing the deposition kinetics under normal iCVD conditions, results 
fostered an interest in studying PVP polymerization under supersaturated conditions. 
Literature studies indicate that films deposited under supersaturated conditions are 
generally not conformal or uniform due to monomer condensation and droplet 
coalescence, significantly influencing film formation. However, it has been shown here 
that PVP deposited on silicon produced smooth, uniform films. This was attributed to the 
lower contact angle of the monomer on this substrate, which indicates good wettability. 
Because the monomer spreads out more on surfaces with lower contact angles, thin film 
formation can be achieved. However, it was observed that as the monomer contact angle 
on the surface increases the deposition rate under supersaturation decreases due to the 
lower wettability. With the higher monomer contact angle, PVP deposition on a silver 
surface was minimal. This provided a suitable platform for enabling selective deposition 
of PVP on Si for a silicon substrate patterned with Ag using TEM grids as contact masks. 
SEM and XPS mapping confirmed the preferential deposition of PVP mainly on the 
regions of exposed silicon while the substrate covered with silver prevented any 
appreciable polymer deposition. The ability to create spatial patterns of PVP using iCVD 
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could have many potential applications, including uses in tissue engineering and cell 
growth. 
Some recommendations for future work include applying DSSC modeling to 
understand the effect of PVP on DSSC properties. In addition, experiments varying the 
type of dye and redox solution used would aid in identifying the best combination of 
materials to produce an efficient DSSC. In regards to selectively depositing PVP under 
supersaturated conditions, a more detailed kinetic study under a supersaturated 
environment can be conducted to determine whether there is an optimal condition that 
would prevent PVP deposition on Ag altogether. Further experiments can be done using 
patterns with smaller, more complex features to determine the pattern fidelity of this 
technique. PVP can be deposited on substrates with larger contact angles than Ag, such 
as PTFE. Modeling of PVP deposition in iCVD under supersaturated conditions can be 
done to help understand the interactions between the monomer and substrate surface. 
Studies involving other polymers, deposited under supersaturated conditions, can be 
conducted to broaden the potential with different applications.  
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